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We  describe  the  concept  of  Doppler  asymmetric  spatial  heterodyne  spectroscopy  (DASH)  and  present  a 
laboratory  Doppler-shift  measurement  using  an  infrared  laser  line.  DASH  is  a  modification  of  spatial 
heterodyne  spectroscopy  optimized  for  high  precision,  high  accuracy  Doppler-shift  measurements  of 
atmospheric  emission  lines  either  from  the  ground  or  a  satellite.  We  discuss  DASH  design  considerations, 
field  widening,  thermal  stability  and  tracking,  noise  propagation,  advantages,  and  trade-offs.  DASH 
interferometers  do  not  require  moving  optical  parts  and  can  be  built  in  rugged,  compact  packages,  making 
them  suitable  for  space  flight  and  mobile  ground  instrumentation.  ©  2007  Optical  Society  of  America 
OCIS  codes:  300.6300,  120.6200,  120.2650. 


1.  Introduction 

Historically,  Doppler-shift  measurements  of  atmo¬ 
spheric  emission  lines  have  been  used  to  derive  atmo¬ 
spheric  wind  speed  and  direction  using  ground-based 
and  satellite  instruments.  Satellite  measurements 
provide  global  scale  coverage,  yet  only  few  such  instru¬ 
ments  have  been  built  and  flown.  Currently,  global 
wind  data  for  the  middle  and  upper  atmosphere  are 
not  routinely  available,  even  though  they  are  required 
for  studying  atmospheric  dynamics  and  energetics  and 
they  are  of  critical  importance  for  constraining  global 
scale  models  [1].  Here  we  present  a  detailed  discussion 
on  the  recently  developed  Doppler  asymmetric  spatial 
heterodyne  spectroscopy  (DASH)  technique  [2].  DASH 
combines  advantages  of  state-of-the-art  optical  tech¬ 
niques  while  avoiding  some  of  their  limitations. 

After  a  brief  review  of  the  DASH  heritage,  we  de¬ 
scribe  the  optical  concept  and  the  optimum  optical 
path  offset.  We  also  include  considerations  important 
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for  the  choice  of  the  Littrow  wavenumber  and  the 
resolving  power  in  the  interferometer  design.  After 
discussing  the  DASH  noise  propagation  we  show  that 
DASH  interferometers  can  be  held  widened,  which  is 
essential  for  obtaining  high  sensitivity  in  a  compact, 
rugged  instrument  suitable  for  space  flight.  After 
summarizing  important  DASH  advantages  and 
trade-offs,  we  present  the  first  Doppler  shift  mea¬ 
surements  made  with  a  DASH  interferometer. 


2.  Heritage 

To  date,  space-based  Doppler-shift  observations  of 
atmospheric  emission  lines  have  been  made  from  a 
few  research  satellites  to  obtain  wind  information. 
Since  the  measured  Doppler  shift  contains  only  ve¬ 
locity  information  along  the  line  of  sight,  measure¬ 
ments  of  horizontal  wind  speed  and  direction  require 
the  observation  of  the  same  location  using  two  per¬ 
pendicular  viewing  directions.  For  a  satellite  in  low 
Earth  orbit,  this  is  typically  achieved  by  viewing  the 
Earth’s  limb  45°  and  135°  from  the  ram  direction  of 
the  satellite,  which  results  in  the  observation  of  the 
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same  location  within  several  minutes  and  with  two 
perpendicular  fields  of  view. 

Doppler  wind  observations  from  satellites  have 
been  made  using  either  Fabry-Perot  interferometers 
[3,4],  a  stepped  Michelson  interferometer  [5],  or  a 
microwave  spectrometer  [6]. 

Fabry-Perot  interferometers  can  measure  wind 
field  information  and  also  allow  density  retrievals 
using  line  intensities  in  addition  to  temperature 
retrievals  using  line  shapes  and  relative  line  inten¬ 
sities.  The  main  technical  challenges  for  the  Fabry- 
Perot  interferometers  are  the  demanding  fabrication 
and  alignment  tolerances  (~X./20)  and,  in  case  of  a 
satellite  instrument,  maintaining  the  alignment  on 
orbit.  The  large  resolving  power  that  is  required  for 
wind  measurements  limits  the  throughput  and 
drives  the  overall  size  of  the  instrument. 

Stepped  Michelson  interferometers,  also  known  as 
stepped  Fourier  transform  spectrometers  (FTS),  use 
the  fact  that  a  small  frequency  shift  of  a  single  emis¬ 
sion  line  results  in  a  phase  shift  in  the  interferogram 
fringe  pattern  that  increases  with  increasing  optical 
path  difference  (OPD).  For  a  single,  isolated  atmo¬ 
spheric  emission  line,  this  phase  shift  can  be  deter¬ 
mined  by  measuring  a  small  number  of  interferogram 
points.  These  points  are  ideally  separated  by  a  path 
difference  of  X./4  around  a  large  OPD  offset.  Typi¬ 
cally,  four  interferogram  samples  are  measured  using 
either  a  moving  mirror  [5,7]  or  a  faceted  mirror  [8,9], 
which  eliminates  the  moving  parts  in  the  interferom¬ 
eter.  Stepped  Michelson  interferometers  can  be  field 
widened  and  temperature  compensated  [10,11]  to 
achieve  the  sensitivity  and  stability  necessary  for  a 
satellite  instrument.  Data  from  stepped  Michelson 
interferometers  can  also  be  used  to  obtain  tempera¬ 
ture  data  using  line  shape  information,  which  is  con¬ 
tained  in  the  interferogram  contrast  [5].  A  limitation 
of  stepped  Michelson  interferometers  is  that  the  iso¬ 
lation  of  a  single  atmospheric  emission  line  typically 
requires  an  ultranarrow  prefilter  with  all  its  atten¬ 
dant  difficulties  and  reduction  in  throughput.  Fur¬ 
ther  limitations  are  that  the  interferogram  is  only 
sampled  at  a  few  (typically  four)  OPDs  and  instru¬ 
ment  drifts  cannot  be  monitored  simultaneous  with 
every  atmospheric  measurement,  since  only  one  line 
may  be  in  the  passband  at  any  time. 

DASH  can  be  considered  a  combination  of  stepped 
FTS  and  spatial  heterodyne  spectroscopy  (SHS).  The 
SHS  concept  is  similar  to  a  Michelson  interferometer, 
but  the  interferometer  arms  are  terminated  by  fixed, 
tilted  gratings.  SHS  instruments  measure  all  inter¬ 
ferogram  samples  simultaneously  in  the  spatial  do¬ 
main  using  a  line  or  array  detector.  They  heterodyne 
the  spatial  fringe  frequency  around  the  Littrow  wave- 
number,  n^,  of  the  gratings,  which  allows  the  opti¬ 
mum  use  of  the  number  of  array  detector  elements 
[12].  Detailed  descriptions  of  the  SHS  concept  and 
data  analysis  can  be  found  in  publications  by  Har- 
lander  et  al.  [12,13],  Englert  et  al.  [14],  and  Englert 
and  Harlander  [15].  SHS  instruments  can  be  field 
widened  with  fixed  prisms  and  they  can  be  built  as 


very  compact,  robust,  and  lightweight  packages  suit¬ 
able  for  space  flight  [13]. 

3.  DASH  Concept 

A.  Optical  Configuration 

Typical  atmospheric  wind  velocities  cause  atmo¬ 
spheric  emission  lines  to  be  Doppler  shifted  by  only  a 
few  parts  in  10®.  This  small  wavelength  shift  results 
in  a  small  frequency  change  in  the  interferogram  as 
recorded  by  an  SHS,  DASH,  or  ETS  instrument.  Eig- 
ure  1  shows  an  ideal  interferogram  of  a  single,  infi¬ 
nitely  narrow  spectral  line  versus  OPD  and  the 
interferogram  of  a  slightly  Doppler-shifted  line.  As  is 
well  known,  the  small  frequency  change  in  the 
interferogram  has  a  negligible  effect  for  small  OPDs; 
however,  at  longer  path  differences  it  appears  pre¬ 
dominantly  as  a  phase  shift.  The  main  objective  of 
DASH  is  to  measure  this  phase  shift;  thus,  it  is  suf¬ 
ficient  to  measure  the  interferogram  at  high  OPDs. 
Note  that  the  brightness  of  the  interferogram  and  the 
fringe  contrast  contain  information  about  the  density 
of  the  emitter  and  the  line  shape,  just  as  in  the 
stepped  ETS  case  [5]. 

The  phase  shift,  8(p,  of  a  single  emission  line  as  a 
function  of  the  OPD,  2A(i,  or  interference  order,  k  = 
2Ado-,  can  be  written  as  [5]: 

89  =  4'7TAdo-(i;/c)  =  2tt^([;/c),  (1) 

where  n  is  the  non-Doppler-shifted  wavenumber  of 
the  emission  line,  v  is  the  Doppler  velocity,  and  c  is 
the  speed  of  light. 

Using  the  configuration  illustrated  in  Eig.  2,  DASH 
allows  the  measurement  of  the  interferogram  within 
a  path  difference  interval  around  the  path  difference 
offset  2Ad.  The  DASH  concept  is  a  slight  modification 
of  the  SHS  concept  [12].  The  only  difference  is  the 
additional  optical  path  offset  in  one  arm,  which 
makes  the  interferometer  asymmetric.  Like  SHS, 
DASH  can  be  explained  assuming  a  plane  wavefront 
entering  the  interferometer  shown  as  the  vertical 
dashed  line  in  Eig.  2.  The  wavefront  is  split  at  the 
beam  splitter  so  that  the  two  resulting  beams  illumi- 


Fig.  1.  Black:  Interferogram  of  an  infinitely  narrow  spectral  line. 
Gray:  Interferogram  of  a  slightly  Doppler-shifted,  infinitely  narrow 
spectral  line.  This  figure  shows  that  the  high  resolution  informa¬ 
tion  about  the  exact  line  position  and  therefore  the  Doppler  shift  of 
the  line  is  contained  at  high  optical  path  differences.  At  large 
OPDs,  the  predominant  effect  is  a  phase  shift  between  the  two 
fringe  patterns  that  have  slightly  different  frequencies. 
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Fig.  2.  Schematic  of  a  non-field-widened  DASH  interferometer. 
The  only  difference  between  a  conventional  SHS  interferometer 
and  a  DASH  interferometer  is  the  additional  OPD  offset  (2Ad)  in 
one  of  the  interferometer  arms. 


nate  the  gratings  at  the  end  of  the  interferometer 
arms.  After  being  diffracted  at  the  gratings,  the 
wavefronts  return  to  the  beam  splitter  and  recom¬ 
bine.  At  this  point,  the  two  wavefronts  are  each  tilted 
by  the  angle  -y  ~  2  tan  0l[(o-  -  ctl)/o-]  with  respect  to 
the  optical  axis,  and  one  wavefront  is  delayed  by  the 
optical  path  offset  2A(i.  Due  to  the  wavelength- 
dependent  tilt  of  the  wavefronts  caused  by  the 
gratings,  the  detector  array  records  a  wavenumber- 
dependent  Fizeau  fringe  pattern,  which  is  the  Fourier 
transform  of  the  incident  spectral  density  heterodyned 
around  the  Littrow  wavenumber  =  1/(2^  sin  6^), 
where  Xjg  is  the  groove  density  of  the  gratings.  The 
interferogram  recorded  by  the  DASH  array  detector 
can  generally  be  written  as 


l(x) 


1  +  cos 


CT 


-  Ui)tan 


X 


X  + 


Ad 
2  tan 


(2) 


where  x  is  the  location  on  the  detector  array  as  indi¬ 
cated  in  Fig.  2  (x  =  0  is  the  center  of  the  array),  6^  is 
the  Littrow  angle  of  the  gratings,  S(ct)  is  the  spectral 
density  of  the  incident  radiation,  and  the  magnifica¬ 
tion  of  the  imaging  optics  (L2  and  L3  in  Fig.  2)  is 
assumed  to  be  unity.  The  sampled  path  difference 
interval,  d,  is 


2(Ad  -  W  sin  9^)  <  d  <  2(Ad  +  W  sin  0^),  (3) 

where  W  is  the  beam  width  measured  along  each 
grating.  The  effective  resolving  power  can  be  found 
using  i?  =  u(4W  sin  0^)  ~  2Wlg.  The  resolving  power 


is  equivalent  to  the  number  of  illuminated  grating 
grooves.  This  is  the  same  result  as  for  conventional 
SHS  [12]. 

In  contrast  to  the  typical  stepped  Michelson  inter¬ 
ferometer,  DASH  allows  the  simultaneous  measure¬ 
ment  of  several  hundred  interferogram  samples 
within  the  path  difference  interval  defined  in  Eq.  (3). 
This  means  that  DASH  can  simultaneously  measure 
multiple  lines,  including  calibration  lines  that  can  be 
used  to  track  instrumental  drifts. 

B.  Optimum  Path  Difference  Offset 

Atmospheric  emission  lines  are  subject  to  line  broad¬ 
ening  effects  such  as  pressure  and  temperature 
broadening.  Line  broadening  affects  the  envelope  of 
the  interferogram;  a  broader  line  corresponds  to  an 
envelope  that  decreases  more  rapidly  with  increasing 
path  difference.  In  general,  this  envelope  function 
causes  the  interferogram  contrast,  or  visibility,  to 
decrease  with  increasing  OPD,  as  shown  for  a  purely 
temperature  broadened  line  in  Fig.  3.  This  effect  com¬ 
petes  with  the  increasing  phase  shift  for  increasing 
optical  path  difference  [see  Eq.  (1)]  so  that  there  is  an 
optimum  path  difference  offset  for  which  measuring 
the  phase  shift  and  thus  the  Doppler  shift  is  most 
sensitive.  We  find  this  optimum  path  difference  by 
maximizing  the  envelope  of  the  difference  between 
the  interferograms  of  a  Doppler-shifted  and  a 
Doppler-non-shifted  line  (see  Eig.  3).  Maximizing  the 
envelope,  rather  than  the  actual  interferogram  dif¬ 
ferences,  is  appropriate  since  the  DASH  concept  al¬ 
lows  the  simultaneous  observation  of  many  fringes, 
as  will  be  discussed  in  Section  4.  For  the  example  of 
a  purely  temperature  broadened  line,  which  has  a 
Gaussian  line  shape  proportional  to  exp[-(CT  -  uq)^/ 
2ct|)]  and  a  width  of 


O'd  —  Uq- 


kT 


me 


the  optimum  path  difference  is 

1 


(4) 


(5) 


Fig.  3.  Thin  black:  Interferogram  of  a  single,  temperature  broad¬ 
ened  curve.  The  decreasing  contrast  for  increasing  OPD  is  due  to 
the  finite  line  width  of  the  emission  curve.  Thin  gray:  Interfero¬ 
gram  of  slightly  Doppler-shifted  emission  curve.  Thick  black:  Dif¬ 
ference  between  the  two  interferograms.  The  dotted  vertical  line 
indicates  the  OPD  for  which  the  envelope  of  the  difference  function 
is  largest.  Here,  the  measurement  is  most  sensitive  to  the  phase 
shift. 
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where  T  is  the  temperature,  m  is  the  mass  of  the 
emitter,  ctq  is  the  wavenumber  of  the  line  center,  and 
k  is  the  Boltzmann  constant.  Although  Eq.  (5)  pre¬ 
dicts  the  optimum  path  difference  about  which  to 
make  a  Doppler  measurement,  practical  concerns 
such  as  the  size  and  sensitivity  of  the  instrument  may 
require  the  instrument  be  build  with  a  nonoptimum, 
typically  smaller,  path  difference. 

Finally,  we  point  out  that  the  optimum  path  differ¬ 
ence  only  depends  on  the  emission  line  shape.  This  is 
the  case  even  if  more  than  one  line  is  within  the 
passband,  as  will  be  discussed  in  Section  4. 

C.  Phase  (Doppler  Shift)  Determination 
We  can  simplify  the  DASH  interferogram  from  sev¬ 
eral  emission  lines  by  writing 


/fl(x)  =  2  ‘Sj[l  +  E,(x)cos(2ttk^  +  <!>,■  +  Scpj)] 

J 

=  2 SjIi  +  2  Ej(x){exp[j(2TTKjX  +  +  89^)] 

+  exp[— j(2TTK/Ji: -i- d),- +  8cpj)]}  J,  (6) 


where  j  indexes  several  lines  in  the  passband,  x  is  the 
location  on  the  detector  as  shown  in  Fig.  2,  Sj  is 
proportional  to  the  line  brightness,  Ej{x)  are  the  en¬ 
velope  functions  that  depend  on  the  individual  line 
shape  and  the  path  difference  offset,  k,  =  4(ctj  - 
CTi)tan  are  the  heterodyned  spatial  fringe  frequen¬ 
cies  for  each  line  center,  u^,  dr  =  4'7t((t^  —  uJAd  are 
additive  phase  terms,  and  89^  are  the  phase  shifts 
resulting  from  the  Doppler  shift  of  each  line.  Note 
that  K  also  changes  with  the  Doppler  shift  of  the  line, 
but  that  effect  is  typically  negligible  for  typical  atmo¬ 
spheric  wind  speeds. 

When  the  bandpass,  Littrow  wavenumber,  and 
path  difference  interval  are  chosen  appropriately  (see 
Section  4),  the  Fourier  transform  of  Eq.  (6)  yields  a 
complex  spectrum  with  localized,  well-separated  fea¬ 
tures  around  spatial  frequencies  +k,  and  —  k^.  The 
next  step  is  to  isolate  one  of  these  features,  e.g., 
y  =  0,  by  zeroing  out  all  spectral  elements  (including 
the  ones  at  -  kq)  except  the  ones  within  a  local  region 
around  +  kq.  This  step  effectively  eliminates  all  inter¬ 
ferogram  contributions  [see  Eq.  (6)] ,  except  one  of  the 
exponential  terms,  so  that  after  the  inverse  Fourier 
transfom  we  get 


=  2  SoFo(x)exp[i(2TTKoX  +  d)o  +  890)] 

1 

=  2  SoFo(x)[cos(2TTK(>r  +  d>o  +  890) 

-I-  i  sin(2'TTKoX  +  d>o  +  890)].  (7) 

Using  Eq.  (7),  the  phase  term  can  now  be  calculated 
from  the  ratio  of  its  imaginary  and  its  real  part 
[14,16]: 


2'ttkoX  +  <ho  +  890  =  arctan 


(8) 


After  subtraction  of  2'ttkoX  +  <l>o,  which  is  also  called 
the  zero  wind  phase,  we  get  the  phase  shift  890 
caused  by  the  Doppler  shift  for  this  particular  line. 
The  speed  between  the  emitter  and  the  spectrometer 
can  now  be  calculated  using  the  phase  shift  890  and 
Eq.  (1).  The  procedure  can  be  applied  for  all  lines  in 
the  passband  (7  =  0,1,..  .),  yielding  an  independent 
velocity  measurement  for  each  line. 

We  point  out  that  the  subtraction  of  the  zero  wind 
phase  is  a  very  critical  step,  since  the  zero  wind  phase 
is  likely  to  be  sensitive  to  instrument  drifts.  One 
method  to  determine  the  zero  wind  phase  is  to  simul¬ 
taneously  observe  a  known,  non-Doppler-shifted  ref¬ 
erence  line.  With  DASH  one  can,  for  example,  use  an 
in  situ  calibration  lamp  that  has  one  or  more  spectral 
lines  in  the  passband  and  superimpose  its  signal  onto 
the  observed  scene  with  an  additional  beam  splitter. 
This  way  every  exposure  includes  a  simultaneous 
zero  wind  calibration  (see  also  Section  7). 

4.  Choice  of  Passband,  Littrow  Wavenumber,  and 
Resolving  Power 

To  optimize  the  sensitivity  of  the  atmospheric  wind 
measurement,  the  choice  of  the  passband  depends  on 
many  factors  such  as  the  targeted  emission  spectrum, 
radiative  transfer  considerations,  and/or  detector 
performance,  to  name  only  a  few.  Here,  we  focus  on 
the  considerations  that  are  generally  important  for  a 
DASH  instrument  rather  than  specific  to  a  particular 
application. 

First,  one  or  more  emission  lines  must  be  identi¬ 
fied.  If  more  than  one  line  is  chosen,  they  need  to  be 
well  separated,  i.e.,  their  spectral  spacing  should  be 
at  least  several  times  their  linewidth.  Second,  the 
Littrow  wavenumber  and  resolving  power  are  cho¬ 
sen,  which  will  constrain  the  number  of  illuminated 
grating  grooves,  the  groove  density,  and  the  grating 
angle  (see  Subsection  3.A)  of  the  DASH  interferome¬ 
ter.  The  choice  should  be  made  so  that  the  observed 
emission  lines  correspond  to  well-separated  spatial 
frequencies  that  can  be  easily  isolated  in  the  spectral 
domain  as  described  in  Subsection  3.C.  For  example, 
assuming  a  resolving  power  of  6000,  a  Littrow  wave- 
number  of  6000  cm^^,  and  three  emission  lines  at 
6020,  6060,  and  6085  cm  the  interferogram  con¬ 
sists  of  roughly  20,  60,  and  85  fringes,  respectively, 
across  the  detector.  To  avoid  aliasing,  the  highest 
fringe  frequency  may  not  exceed  the  Nyquist  fre¬ 
quency,  that  is,  the  number  of  fringes  across  the  de¬ 
tector  width  may  not  exceed  the  number  of  detector 
pixels  divided  by  2.  This  example  illustrates  that  the 
heterodyning  aspect  of  DASH  is  essential  for  achiev¬ 
ing  well-separated  fringe  frequencies  that  can  easily 
be  sampled  by  available  detector  arrays  that  typically 
have  hundreds  of  pixels.  Without  heterodyning,  the 
fringe  frequencies  would  be  proportional  to  the  line 
positions  in  wavenumbers,  so  that  in  the  cited  exam¬ 
ple,  the  fringe  frequencies  of  the  lines  at  6060  and 
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6085  would  differ  by  less  than  0.5%  (see  also 
Section  6).  Choosing  fringe  frequencies  that  are  well 
separated  also  ensures  that  the  envelope  of  the  beat 
pattern  from  two  or  more  lines  in  the  passband  has  a 
periodicity  that  is  significantly  smaller  than  the 
width  of  the  detector.  This  way  the  interferogram 
sampled  by  the  detector  can  never  be  confined  to  a 
region  near  a  node  or  zero  point  of  the  beat  pattern 
envelope,  which  would  result  in  greatly  reduced  con¬ 
trast  for  the  entire  interferogram.  Rather,  the  opti¬ 
mum  path  offset  remains  a  function  of  the  line  shape 
only  (see  Subsection  3.B). 

The  passband  is  typically  defined  by  an  optical  fil¬ 
ter  in  the  DASH  instrument.  It  is  very  important  to 
note  that  the  DASH  filter  is  not  required  to  isolate  a 
single  line  in  the  observed  emission  line  spectrum, 
such  as  in  the  case  of  a  stepped  Michelson  interferom¬ 
eter.  This  generally  allows  the  usage  of  a  broader 
filter,  with  significantly  higher  peak  transmittance  as 
well  as  less  angular  and  thermal  dependence  of  the 
transmittance,  which  results  in  higher  etendue  and 
therefore  higher  sensitivity  of  the  instrument. 

5.  Noise  Propagation 

To  estimate  the  Doppler  velocity  sensitivity  of  a 
DASH  instrument,  one  needs  to  estimate  the  preci¬ 
sion  of  the  phase  retrieval  [see  Eq.  (1)].  Here,  we 
specifically  describe  the  noise  propagation  from  the 
measured  interferogram  to  the  retrieved  phase  [see 
Eq.  (8)]. 

We  start  with  the  random  noise,  s/,  of  the  dark  and 
fiat  field  corrected  [15]  interferogram.  Eor  a  photon 
shot-noise-limited  detector  array  and  perfect  fringe 
contrast,  one  can  estimate,  for  example. 


6/  =  +  e,.  +  firf,  (9) 

where  /tot  is  the  total  number  of  detected  electrons  in 
the  interferogram,  N  is  the  number  of  interferogram 
samples  (e.g.,  number  of  pixels  in  a  row  of  the  focal 
plane  array),  is  the  read  noise  component,  and  s^i  is 
the  dark  noise  component.  After  Eourier  transforma¬ 
tion  into  the  spectral  domain,  the  random  noise  in  the 
interferogram  propagates  to  random  noise  in  the  real 
and  imaginary  part  of  the  spectrum  with  a  distribu¬ 
tion  width  of 


1 

fis  =  ^  s/.  (10) 


After  isolating  the  localized  spectral  feature  of  one 
emission  line  with  a  boxcar  function  that  is  n  pixels 
wide,  centered  on  the  feature,  and  subsequent  in¬ 
verse  Fourier  transformation  into  the  interferogram 
domain,  the  distribution  width  of  the  random  noise  in 
both  the  real  and  imaginary  part  of  the  isolated  in¬ 
terferogram  can  be  written  as 


ISO 

6/ 


\ln 


It  is  important  to  point  out  that  the  line  isolation  with 
the  boxcar  function  results  in  noise  in  the  interfero¬ 
gram  that  is  no  longer  uncorrelated  from  sample  to 
sample.  Only  n  samples  remain  uncorrelated;  the 
others  result  from  their  interpolation. 

Propagating  the  correlated  noise  of  the  isolated  in¬ 
terferogram  through  Eq.  (8)  results  in  the  magnitude 
of  the  correlated  noise  in  the  retrieved  phase,  sp  in 
units  of  radians: 


2n  Bi  , _ 

^  (12) 

where  A;  is  the  amplitude  of  the  fringe  for  the  isolated 
line  i  in  the  measured  interferogram  and  /;  is  the  total 
modulated  signal  detected  in  the  interferogram  for 
the  isolated  line  i.  Other  potential  sources  of  error 
include  systematic  and  random  uncertainties  from 
the  zero  wind  phase  subtraction  or  pointing  errors  of 
a  satellite  platform,  which  can  result  in  the  improper 
correction  for  the  satellite  velocity. 

6.  Field-Widened  DASH 

The  maximum  field  of  view  that  can  be  accepted  by 
any  interferometer,  and  therefore  its  sensitivity  for 
diffuse  sources,  is  determined  by  how  the  interfero¬ 
metric  path  difference  varies  with  off-axis  angle.  To 
minimize  this  variation  and  achieve  a  maximum  pos¬ 
sible  field  of  view  SHS  instruments  can  be  field  wid¬ 
ened  by  placing  fixed  prisms  in  each  arm  of  the 


near-infrared  (BS:  beam  splitter,  Gl/2:  gratings,  Pl/2:  field  wid¬ 
ening  prisms).  Field  widening  is  obtained  by  placing  fixed  prisms 
in  each  interferometer  arm.  The  thicker  prism  (PI)  in  the  lower 
right  arm  is  required  to  compensate  for  the  larger  path  difference. 
The  grating  and  prism  angles  are  the  same  in  each  arm. 
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Table  1.  Interferometer  Specifications  and  Performance 


Path  difference  offset  Ad 

6.5  cm 

Path  difference  interval  sampled 

±0.39  cm 

Grating  angle 

5.6° 

Resolving  power  at  maximum  path 

110,000 

Solid  angle  gain  due  to  field  widening 

450  X 

Littrow  wavelength 

1.266  |jLm 

interferometer  [12].  The  field  of  view  for  a  field- 
widened  SHS  depends  on  the  prism  angle  and  is  gen¬ 
erally  larger  for  smaller  prism  angles  [12].  The 
maximum  solid  angle  that  can  be  accepted  by  a  field- 
widened  SHS  is  typically  2  orders  of  magnitude 
larger  than  interferometers  without  field  widening. 
The  resulting  increase  in  sensitivity  is  critical  for 
high  spectral  resolution  geophysical  measurements 
where  signals  can  be  weak  and/or  are  obscured  by 
large  background  signals.  Field-widening  techniques 
have  also  been  used  with  stepped  FTS;  however,  in 
this  case  plane-parallel  blocks  of  glass  are  used  in¬ 
stead  of  prisms  [5].  Figure  4  is  a  schematic  of  a  field- 
widened  DASH  interferometer  designed,  as  an 
example,  to  measure  four  atmospheric  O2A  lines  in 
the  near-infrared  (NIR)  at  wavelengths  approxi¬ 
mately  1.250  p,m.  The  prism  and  grating  angles  in 
the  two  arms  are  the  same;  however,  the  prism  in  the 
lower  right-hand  portion  of  the  figure  is  thicker  to 
compensate  the  larger  optical  path  in  this  arm.  As 
indicated  earlier,  this  system  can  be  considered  as  a 
symmetric  field-widened  SHS  with  an  offset  aper¬ 
ture. 

Table  1  indicates  key  specifications  and  the  optical 
performance  of  this  interferometer  as  determined  by 
ray  tracing.  Note  in  particular  that  the  field- widening 
prisms  enable  the  system  to  view  a  solid  angle  that  is 
approximately  450  times  larger  than  a  non-field- 
widened  system  of  the  same  resolution.  Table  2  lists 
four  targeted  02^A  lines  near  \  =  1.250  p.m  along 
with  the  number  of  fringes  each  line  produces  across 
the  full  aperture  of  the  DASH  interferometer.  The 
last  column  indicates  the  number  of  fringes  a  non- 
heterodyned  Michelson  interferometer  would  need  to 
record  over  the  same  path  difference  interval.  The 
smaller  number  of  fringes  for  the  SHS  and  DASH 
enables  sampling  of  the  interferogram  with  a  practi¬ 
cal  detector  having  hundreds  of  pixels.  To  simulta¬ 
neously  measure  these  four  lines  with  a  stepped 
Michelson  interferometer  a  prefilter  must  be  used  to 

Table  2.  Targeted  Lines  Near  =  1.250  (nm 


Number  of  Fringes  for  ±0.39  cm  Path 
Interval 


Wavelength 

[p-m] 

Heterodyned 
(DASH,  SHS) 

Not  Heterodyned 
(e.g.,  FTS) 

1.252644 

65.7 

9770.6 

1.254210 

57.9 

9782.8 

1.255809 

50.0 

9796.3 

1.257439 

41.9 

9808.0 

spatially  separate  each  line  on  a  different  portion  of 
the  detector  [17],  which  adds  complexity  and  reduces 
the  sensitivity  of  the  measurement. 

7.  Phase  Stability 

Michelson-based  instruments,  including  ones  that 
use  the  DASH  concept,  depend  on  measuring  the 
absolute  phase  of  the  fringe  pattern  to  determine  the 
Doppler  wind  velocity.  As  a  result  one  of  the  most 
challenging  aspects  of  these  measurements  is  the  cal¬ 
ibration  and  tracking  of  instrument  drifts  that  affect 
the  phase  measurement.  The  drifts  can  be  minimized 
by  appropriate  thermal  compensation  within  the  in¬ 
terferometer.  In  addition,  active  thermal  control  is 
possible  as  well  as  periodic  measurements  of  a  cali¬ 
bration  source  to  determine  the  zero  wind  reference. 
All  of  these  techniques  have  been  implemented  pre¬ 
viously  (e.g.,  on  the  WINDII  instrument  [5,11])  and 
can  be  readily  adapted  to  DASH.  Since  DASH  can 
measure  many  lines  simultaneously,  the  calibration 
source  can  be  observed  during  an  exposure  that  elim¬ 
inates  difficulties  associated  with  alternating  expo¬ 
sures  between  science  and  calibration  images. 

8.  Advantages  and  Trade-Offs 

The  following  is  an  itemized  list  of  the  most  impor¬ 
tant  advantages  and  trade-offs  of  the  DASH  concept 
for  measuring  atmospheric  wind: 

No  moving  parts:  Like  SHS  interferometers,  DASH 
interferometers  do  not  require  any  moving  optical  com¬ 
ponents  and  can  be  built  in  a  compact,  robust  way, 
which  makes  them  highly  suitable  for  space  flight  [13]. 

Etendue:  Like  the  stepped  Michelson  technique, 
DASH  has  large  interferometric  throughput  and  can 
be  field  widened  [5] . 

Multiline  capability:  DASH  interferometers  can  ob¬ 
serve  multiple  emission  lines  simultaneously  in  the 
passband,  which  eliminates  the  use  of  ultranarrow 
filters  and  the  associated  reduction  in  throughput 
and  temperature  sensitivity.  Note  that  accepting 
multiple  lines  into  the  interferometer  does  have  an 
impact  on  the  multiplex  noise  as  outlined  in  Section 
5,  due  to  the  increase  in  total  signal,  /tot-  Typically, 
however,  the  multiline  benefit  outweighs  the  multi¬ 
plex  penalty  since  the  noise  in  the  phase  determina¬ 
tion  is  proportional  to  the  square  root  of  the  total 
signal  [see  Eqs.  (9)  and  (12)]. 

Simultaneous  phase  tracking:  The  capability  to  si¬ 
multaneously  observe  multiple  lines  allows  the  track¬ 
ing  of  the  zero  wind  phase  by  superimposing  a  known 
emission  line  onto  the  atmospheric  scene. 

Increased  immunity  to  ghosts  and  background  fea¬ 
tures:  Since  DASH  records  several  hundred  interfero¬ 
gram  points  within  an  OPD  interval  centered  on  a 
path  offset,  one  gains  increased  immunity  to  ghost 
fringes  and  background  features. 

Thermal  drifts:  Just  as  for  stepped  Michelson  inter¬ 
ferometers  and  Fabry-Perot  interferometers,  thermal 
effects  on  the  measured  phase  are  expected  to  be 
significant.  To  mitigate  these  effects  the  interferom¬ 
eter  can  be  designed  using  materials  that  provide 
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maximum  thermal  compensation,  as  has  been  suc¬ 
cessfully  demonstrated  for  stepped  Michelson  inter¬ 
ferometers  [5,11].  In  addition,  the  above-mentioned 
simultaneous  phase  tracking  may  be  used  to  quan¬ 
tify  and  ultimately  correct  the  remaining  thermal 
effects. 

One-dimensional  imaging:  Like  stepped  Michel¬ 
son  interferometers  and  Fabry-Perot  interferom¬ 
eters,  DASH  can  be  designed  for  one-dimensional 
imaging  using  a  two-dimensional  detector  array. 
For  a  space-based  instrument  this  means  that  no 
limb  scanning  is  required  in  order  to  measure  a 
vertical  wind  profile. 

9.  Experimental  Demonstration 

A.  Overview 

A  non-field-widened  breadboard  DASH  interferome¬ 
ter  was  built  and  used  to  measure  the  Doppler  shift  of 
a  laboratory  line  source  for  a  typical  upper  atmo¬ 
spheric  wind  speed.  The  line  source  and  the  passband 
of  the  instrument  were  chosen  to  be  in  the  NIR 
(—1.5  pm)  since  there  are  atmospheric  emission  lines 
close  to  this  wavelength  region  that  are  suitable  for 
wind  measurements  on  Earth  and  other  planets 
[17,18].  The  DASH  breadboard  was  constructed  us¬ 
ing  predominantly  commercial  off-the-shelf  (COTS) 
components. 

B.  Instrument  Description 

The  laboratory  setup  consists  of  two  major  parts,  the 
line  source  and  the  spectrometer.  A  diode  laser  beam 
that  is  reflected  from  a  spinning  wheel  provides  a 
collimated  source  that  can  be  alternated  between 
Doppler  shifted  and  non-Doppler  shifted  using  a 
chopper  wheel.  The  spectrometer  includes  the  DASH 
interferometer,  exit  optics,  and  an  array  detector. 
The  principal  components  of  the  breadboard  are  de¬ 
scribed  in  Table  3. 

A  schematic  of  the  source  setup  is  shown  in  Fig.  5. 
The  signal  from  a  40  mW,  single-mode,  temperature- 
controlled  diode  laser  with  u  —  6630  cm“^,  passes 
through  an  optical  isolator  to  prevent  back  coupling 
into  the  laser  cavity.  After  the  isolator,  the  beam  is 
collimated  and  sent  through  a  beam  splitter  to  a 
chopper  wheel.  The  chopper  wheel  is  covered  with 
retrorefiecting  tape  so  that  a  non-Doppler-shifted 
beam  is  reflected  back  to  the  beam  splitter  when  the 
chopper  blade  blocks  the  optical  path  to  the  spinning 
disk  (or  Doppler  wheel).  The  Doppler  wheel  is  an 
aluminum  disk,  also  coated  with  retrorefiecting  tape 
that  is  mounted  at  an  angle  to  the  optical  axis.  It 
rotates  in  order  to  produce  a  Doppler  shift  in  the 
retrorefiected  beam.  The  beam  returning  from  the 
Doppler  wheel  is  subsequently  reflected  by  the  beam 
splitter  and  coupled  back  into  an  optical  fiber  via  a 
focusing  lens.  This  fiber  serves  as  the  input  to  the 
interferometer. 

The  optical  layout  of  the  interferometer  is  shown  in 
Fig.  2  where  the  path  difference  Ad  was  set  to  7.75 
cm.  A  photograph  of  the  breadboard  interferometer 
and  Doppler  wheel  is  shown  in  Fig.  6.  The  interferom- 


Table  3.  Principal  Breadboard  Components 


Component 

Parameter 

Description 

Line  source 

Laser  diode 

Manufacturer 

Furukawa 

(Model) 

(FOL15DCWD-A81) 

Nominal 

wavelength 

1528.78  nm 

Output  power 

40  mW 

Line  width 

1  MHz 

Operating 

temperature 

Nominal:  25  °C 

Interferometer 

Beam  splittter 

Manufacturer 

(Model) 

Thorlabs  (BS015) 

R:T 

50:50  nonpolarizing 

Flatness 

1/10  at  635  nm 

Size 

25.4  mm^  (cube) 

Gratings 

Manufacturer 

Newport  Corporation 

Grooves  density 

300  mm“^ 

Blaze  angle 

14.77° 

Blaze  wavelength 

1.71898  |j.m 

Coating 

Gold 

Ruled  area 

26  mm  X  26  mm 

Detector 

InGaAs 

Manufacturer 

Xenics 

camera 

(Model) 

(XEVA-FPA-1.7-320) 

Array  size 

320  X  256  pixel 

Pixel  pitch 

30  jutm 

Wavelength  remge 

0.9-1. 7  p-m 

D* 

7.5  X  10^^  cm  Hz^^^/W 

Dynamic  range 

12  bit 

eter  was  vibrationally  isolated  from  the  optical  bench, 
and  a  top  cover  was  used  to  suppress  ambient  and 
stray  light  contributions. 


Fig.  5.  Schematic  of  the  laboratory  setup.  The  monochromatic 
signal  from  a  laser  diode  is  guided  by  an  optical  fiber  through  an 
optical  isolator  and  collimated  by  a  single  lens.  The  collimated 
beam  is  transmitted  by  a  beam  splitter  and  a  chopper  wheel  and 
reflected  by  retrorefiecting  tape  on  a  spinning  disk  that  is 
mounted  at  an  angle  with  respect  to  the  optical  axis.  The 
Doppler-shifted  signal  from  the  spinning  disk  returns  back 
through  the  chopper  and  is  reflected  by  the  beam  splitter  and 
then  coupled  into  an  optical  fiber  that  guides  the  signal  to  the 
collimator  feeding  the  interferometer  (see  also  Fig.  2).  The 
chopper  blade  is  also  coated  with  retrorefiecting  tape  so  that  a 
non-Doppler-shifted  signal  enters  the  interferometer  when  the 
chopper  is  closed. 
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Fig.  6.  Photographs  of  the  laboratory  setup  showing  the  source 
and  interferometer  part;  (a)  shows  the  laser  diode  (LD)  at  the 
bottom  center.  The  light  from  the  laser  is  directed  by  an  optical 
fiber  to  a  beam  splitter  which  is  shown  on  the  right  of  the  inset  (b). 
After  being  transmitted  by  this  beam  splitter,  the  signal  is  retro- 
refiected  either  by  the  chopper  wheel  (C)  or  the  spinning  disk  (SD), 
which  imposes  a  Doppler  shift  to  the  incident  beam.  The  returning 
beam  is  then  refiected  by  the  beam  splitter  and  coupled  into  a  fiber 
that  feeds  the  interferometer  via  a  collimating  lens  (LI).  The  in¬ 
terferometer  is  set  up  analogous  to  Fig.  2  with  the  two  gratings, 
Gl/2,  the  beam  splitter,  BS,  the  exit  optics,  L2/3,  and  the  detector 
array,  D. 


C.  Results 

Single  line:  Figure  7  shows  a  typical  fringe  image  or 
interferogram  as  obtained  by  the  DASH  breadboard 
instrument  when  viewing  a  monochromatic  source. 
As  expected  from  Eq.  (2),  the  image  shows  a  cosine 
fringe  pattern  with  a  single  spatial  frequency  across 
the  detector.  The  image  has  been  dark  corrected  and 
flat-field  corrected  [15]. 

The  upper  panel  of  Fig.  8  shows  the  intensity 
within  a  single  row  of  a  measured  interferogram.  The 
middle  panel  of  Fig.  8  shows  the  real  and  imaginary 
part  of  the  Fourier  transform  of  this  interferogram. 
The  salient  features  of  this  complex  spectrum  are  the 
lines  around  Fkq  =  ±64  fringes  per  detector  width. 
This  is  the  fringe  frequency  produced  by  the  wave¬ 
length  of  the  laser  diode.  Following  the  procedure 
described  in  Subsection  3.C,  the  phase  of  the  inter- 


Fig.  7.  Typical  dark  and  fiat-field  corrected  fringe  image. 
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Top  panel:  One  pixel  row  from  a  single  dark,  flat-field,  and 

offset  corrected  fringe  image  for  a  monochromatic  source  (see  Fig. 
7).  Middle  peinel:  Fourier  transform  of  the  interferogram  shown  in 
the  top  panel.  The  real  part  is  shown  in  black;  the  imaginary  part 
is  shown  in  gray.  The  boxcar  isolation  function  is  shown  with  a 
dotted  line  (see  text).  Bottom  panel:  Phase  of  the  interferogram 
shown  in  the  top  panel. 


ferogram  can  be  determined.  A  change  in  phase  is  a 
measure  of  a  shift  in  line  position  and  thus  Doppler 
velocity.  The  isolation  of  the  feature  near  +ko  is 
achieved  by  multiplying  the  complex  spectrum  with 
the  boxcar  function  also  shown  in  the  middle  panel  of 
Fig.  8.  The  resulting  phase  of  the  interferogram  is 
shown  in  the  bottom  panel  of  Fig.  8.  For  a  Doppler- 
shifted  line,  the  phase  is  expected  to  change  accord¬ 
ing  to  Eq.  (1).  The  phase  shift  of  the  fringe  pattern 
along  one  detector  row  is  a  linear  function  of  the  OPD, 
and  thus  changes  linearly  across  the  recorded  fringe 
pattern.  Each  pixel  in  the  row  provides  a  measure  of 
a  phase  change  due  to  the  Doppler  shift.  A  simple 
way  to  determine  the  phase  shift  between  two  fringe 
patterns  is  to  compare  the  average  phases  across 
one  single  row.  Subtracting  these  row  averages  yields 
the  phase  shift,  8(p,  in  the  middle  of  the  recorded 
fringe  pattern  (x  =  0),  for  which  we  defined  the  path 
offset  Ad  (see  Fig.  2). 

The  top  panel  of  Fig.  9  shows  the  row-averaged 
phases  for  each  frame  in  a  series  of  measurements 
taken  at  100  measurements  per  second,  where  the 
average  phase  of  the  first  measurement  was  sub¬ 
tracted  from  all  subsequent  ones.  One  can  clearly  see 
the  regularly  occurring  phase  shifts  in  the  series  that 
are  a  result  of  the  chopped  signal,  alternating  the 
Doppler-shifted  signal  and  the  reference,  non- 
Doppler-shifted  signal.  One  can  also  see  a  drift  that  is 
slowly  varying  compared  to  the  sample  rate.  This 
drift  is  likely  due  to  the  control  loop  of  the  thermal 
stabilization  of  the  laser.  To  measure  the  phase  shift 
caused  by  the  Doppler  effect,  the  mean  phase  of  the 
Doppler-shifted  interferogram  was  subtracted  from 
the  mean  phase  of  the  non-Doppler-shifted  interfero¬ 
gram.  The  results  for  several  measurement  series  are 
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Fig.  9.  Top  peinel:  Time  series  of  the  average  phase  of  a  single 
interferogram  row  where  the  average  phase  of  the  first  measure¬ 
ment  in  the  series  is  subtracted  from  all  subsequent  measure¬ 
ments.  A  periodic  phase  shift  of  —0.05  rad  caused  by  the  chopped 
signal  can  clearly  be  seen  in  addition  to  a  drift,  which  we  attribute 
to  the  laser  frequency  stability.  Bottom  panel:  drift  corrected  time 
series. 


Fig.  10.  Dark  and  fiat-field  corrected  fringe  image  for  two  lines  in 
the  passband.  Since  the  laboratory  setup  only  has  one  monochro¬ 
matic  but  tunable  source,  this  image  was  obtained  by  adding  two 
monochromatic  fringe  patterns  for  different  laser  frequencies  and 
thus  different  fringe  frequencies. 


shown  in  Table  4  along  with  the  Doppler  speed,  v, 
derived  from  the  phase  shift: 

c8(p 


The  uncertainties  quoted  in  Table  4  for  the  phase 
difference  are  the  combined  standard  deviations  of 
the  two  drift  corrected  measurement  series  as  shown 
in  the  bottom  panel  of  Fig.  9.  They  are  a  combination 
of  the  random  noise  in  the  interferogram  propagated 
through  the  phase  determination  [see  Eq.  (12)]  and 
systematic  contributions.  For  this  breadboard  we  es¬ 
timate  that  the  primary  contribution  to  the  system¬ 
atic  uncertainty  is  due  to  the  slow  drift,  which  we 
attribute  mainly  to  the  frequency  stabilization  of  the 
laser.  Other  contributors  to  the  uncertainties  are  the 
thermal  stability  of  the  interferometer  and  the  exit 
optics.  Note  that  the  stability  of  the  source  is  not  an 
issue  for  an  atmospheric  measurement.  The  thermal 
stability  of  a  DASH  interferometer  and  the  exit  optics 
can  be  tracked  simultaneously  with  a  known  emis¬ 
sion  line  source  as  described  in  Section  7. 

For  each  measurement  series  in  Table  4  the  laser 
was  thermally  tuned  to  a  slightly  different  wave¬ 
length  so  that  the  recorded  fringe  frequency  was  dif¬ 


ferent.  Also  shown  in  Table  4  is  the  expected  Doppler 
velocity,  u,  calculated  from  the  angular  velocity  of  the 
rotating  retroreflecting  disk,  ca,  the  radial  distance  of 
the  retro-reflected  spot  from  the  disk  center,  r,  and 
the  angle  of  the  disk  with  respect  to  the  incident 
beam,  0: 

u  =  2ra)  cos(6).  (14) 

The  results  agree  within  <1.6  ms~^,  and  demonstrate 
the  first  Doppler  velocity  measurement  using  the 
DASH  technique.  In  the  following  we  briefiy  discuss 
the  data  analysis  for  the  multiple  line  case. 

Multiple  lines:  An  example  of  a  fiat  fielded  inter¬ 
ferogram  image  with  two  lines  in  the  passband  is 
shown  in  Fig.  10.  Instead  of  a  cosine  fringe  with  a 
single  spatial  frequency  the  interferogram  is  a  beat 
pattern  resulting  from  two  cosine  fringes  with  differ¬ 
ent  spatial  frequencies.  Since  our  DASH  breadboard 
only  has  one  laser  source,  this  image  was  created  by 
adding  two  interferogram  images,  each  recorded  for  a 
different,  thermally  tuned,  laser  frequency.  Interfero- 
grams  for  a  two  line  source  could  have  been  recorded 
simultaneously;  however,  such  a  source  was  not 
available  to  us. 

Figure  11  shows  one  row  of  the  two-line  interfero¬ 
gram  image  in  the  upper  panel  and  the  complex  spec- 


Table  4.  Measurement  Parameters  and  Results 


Laser  Speed  Calculated  Speed  Calculated  from 

Temperature  Number  of  Phase  Shift  from  Phase  Shift  Angular  Wheel  Velocity 

[°C]  Fringes  [rad]  [m/s]  [m/s] 


67 

53 

0.039(09) 

18.1 

42 

62 

0.043(10) 

19.9 

30 

66 

0.044(12) 

20.4 

10 

72 

0.045(09) 

20.8 
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Fig.  11.  Top  panel:  one  pixel  row  from  a  single  dark,  flat-fleld,  and 
offset  corrected  fringe  image  for  two  lines  in  the  passband  (see  Fig. 
10).  Bottom  panel:  Fourier  transform  of  the  interferogram  shown 
in  the  top  panel.  The  real  part  is  shown  in  black;  the  imaginary 
part  is  shown  in  gray. 

trum  in  the  bottom  panel.  Just  as  for  the  single-line 
case,  each  one  of  the  lines  can  be  isolated  (e.g.,  with  a 
boxcar  function  centered  on  the  spectral  feature).  In 
case  the  instrumental  line  shape  function  contribu¬ 
tions  from  the  neighboring  lines  are  considered  to  be 
a  nonnegligible  contribution,  one  can  consider  apo- 
dizing  the  interferogram,  which  helps  to  localize  the 
spectral  feature  (i.e.,  suppress  the  line-shape  contri¬ 
butions  in  the  wings  of  the  line).  The  remaining  data 
processing  to  determine  the  phase  is  identical  to  the 
single-line  case.  This  procedure  can  also  be  readily 
applied  in  the  case  of  three  or  more  lines  in  the  pass- 
band  as  long  as  the  spectral  features  are  well  sepa¬ 
rated  so  they  can  be  isolated.  A  phase  determination 
can  be  achieved  for  each  line  independently. 

10.  Conclusion 

We  have  described  the  optical  concept  of  Doppler 
asymmetric  spatial  heterodyne  spectroscopy  (DASH), 
a  technique  with  heritage  from  conventional  spatial 
heterodyne  spectroscopy  and  stepped  Michelson  in¬ 
terferometers.  DASH  allows  high  precision,  high  sen¬ 
sitivity  Doppler-shift  measurements  of  emission  lines 
and  is  therefore  well  suited  for  wind  speed  measure¬ 
ments  in  Earth’s  and  other  planetary  atmospheres. 
We  have  shown  how  to  determine  the  Doppler  shift 
from  the  DASH  interferogram  phase  shift.  We  have 
also  shown  how  the  measurement  uncertainty  in  the 
interferogram  propagates  to  the  phase.  Furthermore, 
we  discussed  specific  DASH  design  parameters,  such 
as  the  optimum  path  difference  offset,  passband,  Lit- 
trow  wavenumber,  and  resolving  power.  After  cover¬ 
ing  field-widening  aspects  for  DASH  interferometers 
we  summarized  the  most  important  advantages  and 
trade-offs  of  DASH  compared  to  stepped  Michelson 
interferometers  and  Fabry-Perot  interferometers. 
Two  major  advantages  of  DASH  are  that  it  does  not 
require  an  ultranarrow  optical  filter  that  limits  the 


sensitivity  and  that  a  simultaneous  calibration  mea¬ 
surement  can  be  performed  to  track  instrument 
drifts.  Finally,  we  reported  the  first  measurement  of 
a  Doppler  shift  with  a  non-field-widened  DASH  lab¬ 
oratory  breadboard. 
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